Climate change-type drought (the combination of drought and heatwave) has become a widely documented driver of forest dieback yet, to date, limited measurement of post-event forest dynamics has been reported. Can climate change-type drought trigger structural and/or compositional changes in a forest type which is usually highly resilient to other disturbances?
Introduction
Drought and heatwaves are driving amplified tree mortality and shifts in forest ecosystems in a range of forest types globally (Van Mantgem et al. 2009; Allen et al. 2010) . Recent examples have been reported from tropical forests in Ghana (Fauset et al. 2012) , savannas in South Africa ( Van der Linde et al. 2012 ) and boreal forests in Canada (Michaelian et al. 2011) . Of particular interest are the combined effects of drought and heatwaves on forests, termed climate change-type drought (Breshears et al. 2005) . Current temperature and precipitation trends (Diffenbaugh et al. 2007; Alexander & Arblaster 2009 ) and climate modelling (Suppiah et al. 2007 ) suggest these events will become more common and severe in many areas worldwide. Despite this, most research has focused on climatic exposure (i.e. bioclimatic envelopes) rather than directly measuring ecosystem sensitivity or adaptive capacity (Dawson et al. 2011) . Thus, there is a need to understand how ecosystems respond to climate change-type drought to assess ecosystem stability under a future climate.
Ecosystem stability, the ability of an ecosystem to maintain its state over time (Harrison 1979) , encompasses both ecosystem resistance, defined here as the degree of structural and compositional change following external perturbation, and ecosystem resilience, the speed with which a system returns to the equilibrium state following perturbation (Pimm 1984) . Increasing evidence suggests that most tree species (Choat et al. 2012 ) and forest types (Allen et al. 2010 ) lack the mechanisms to resist the combined effects of drought and heat in a changing climate, with responses varying from forest dieback to substantial ecosystem-type shifts (Allen et al. 2010) . While significant research has focused on the direct and indirect factors leading to drought and heat-induced dieback (Galiano et al. 2010; McDowell 2011) , little attention has been paid to ecosystem resilience following the initial period of stress.
Of particular interest is the stability of mediterranean-type ecosystems to climate change-type drought; mediterranean climate regions are among the world's biodiversity hotspots (~2% of land area with ~20% of vascular plant taxa; Cowling et al. 1996) and are currently experiencing significant shifts in precipitation (Sarris et al. 2007; Bates et al. 2008 ) and temperature (Diffenbaugh et al. 2007 ).
Furthermore, mediterranean climate regions are expected to experience the largest reduction in precipitation by the end of the 21st century (20-40%; Diffenbaugh & Field 2013) , which is predicted to cause retraction of the mediterranean climate extent (Klausmeyer & Shaw 2009) . Although recent drought events in the Mediterranean Basin have resulted in declines in tree health (Carnicer et al. 2011 ) and growth (Sarris et al. 2007 ), changes to forest structure and composition have not been detected (Lloret et al. 2004) , suggesting a high level of ecosystem resistance to these events (Lloret et al. 2012) . Mediterranean-type ecosystems are also dominated by resprouting species, which are considered highly resilient to disturbances such as fire (Enright et al. 2014; Clarke et al. 2015) and wind (Vesk & Westoby 2004) ; however, empirical data assessing the response of resprouting species to climate change-type drought are lacking (Zeppel et al. 2013 ).
Multiple severe climate change-type droughts have impacted the mediterranean climate region of southwestern Australia in the last decade, including in 2006-2007 and 2010-2011 . The events resulted in a range of impacts to ecosystems regionally, including severe dieback in multiple forests and woodlands (Matusick et al. 2012 . In the Northern Jarrah Forest (NJF), severe canopy dieback (>70% of trees) occurred in discrete patches, surrounded by less severe, minimally affected (~10% of trees with dieback) areas . The discrete nature of dieback patches has been related to steep edaphic gradients surrounding outcropping bedrock, at high landscape positions and on steep slopes . The aim of this research was to assess the resistance and resilience of this resprouting mediterranean-type forest to climate change-type drought following the 2010-2011 event. Recognizing that mediterranean forests are commonly resistant to drought (Lloret et al. 2012 ) and highly resilient to canopy disturbance (Peet & Williamson 1968) , the response dynamics were determined by measuring variables repeatedly following the stress period. Also, the discrete nature of the disturbance provided the opportunity to examine the resilience of forest severely and minimally affected by drought in close spatial proximity. Specifically, we asked can climate change-type drought cause structural and/or compositional changes in severely and/or minimally affected forests (resistance), and if so, what is the pattern and speed of recovery (resilience)?
Methods

Study area
Southwestern Australia has undergone a distinct shift in precipitation (reduction of 15-20%) and temperature (increase of 0.15 °C·decade −1 ) since the 1970s (Bates et al. 2008) , providing a natural laboratory for the combined effects of high temperatures and drought on ecosystems. The distinct absence of wet years ( Fig. 1 ) and increased frequency of anomalously dry and hot years since the 1970s (Indian Ocean Climate Initiative 2012) has generated ever-increasing precipitation deficits. The NJF covers an area of 1 127 600 ha (Havel 1975 ; Fig. 2 ) and ranges from a tall, open forest (30-70% cover) in the north to tall, closed forest (70-100% cover) in the south and sparse woodland (10-30% canopy cover) in the east (Specht et al. 1974) . The climate of the NJF is a mediterranean-type, with most (~80%) precipitation falling from late autumn to early spring (Apr-Oct; Bates et al. 2008) and a seasonal summer drought lasting from 4 to 7 mo (Gentilli 1989 Besides sporadic peripheral crown dieback and seedling mortality caused by summer drought (Stoneman et al. 1994 ) and winter frost (Matusick et al. 2014) , the primary disturbance agent in NJF has historically been frequent fire (Burrows et al. 1995) . Eucalypts (Eucalyptusspp.
and Corymbia spp.) in the NJF have the ability to resprout from both epicormic and lignotuberous buds, making them highly resilient to even the most intense fires (Burrows 2002) . For example, following one of the most intense and disastrous wildfires on record in 1962, Peet & Williamson (1968) found that approximately 82% of the trees (>30 cm DBH) were able to completely reestablish their crowns from epicormic shoots after being fully scorched. Therefore, mortality of established trees is naturally low (ranging from 0.02 to 2.42%·yr
) and forest structure is maintained by frequent disturbance and high mortality among seedlings (Abbott & Loneragan 1986) .
Site selection
Following the 2010-2011 event, 20 drought affected sites were selected for studying the structural and compositional factors related to severe dieback . From the original sample of 20 sites, 12 were selected randomly for repeated sampling in order to track post-event forest response. Sites were initially selected from a population of affected patches (0.3-85.7 ha) identified during an aerial survey. Severely affected forest area, defined as >70% forest canopy dieback, was delineated at each site using a differential GPS. Three, 6-m radius plots (0.011 ha) were then established within the severely affected forest area. Three additional plots were located 20 m outside the severely affected area as controls, but later found to be minimally affected by the drought events were chosen to document the initial damage (3 mo), response following the first winter rains (6 mo) and following subsequent summer drought periods (16, 26 and 49 mo) to assess response. Predrought structure was derived from the initial measurement at 3 mo given that trees impacted by the drought retained their symptomatic foliage (wilted, discoloured and dead). The initial starting condition of severely affected areas (see Table 1 in Matusick et al. 2013) illustrates that most areas experienced canopy dieback previously, during the 2006-2007 event.
Plot measurements and calculations
In each plot, all stems >1 cm DBH were identified to species and measured for DBH and total height (defined as the maximum height of living foliage) using a clinometer (Haglöf HEC, Landsele, SE).
Crown health was classified simply as alive or dead, with a living crown defined as having living foliage above breast height. Since E. marginata and C. calophylla strongly dominated the composition of both severely and minimally affected forest plots (see Table 1 in Matusick et al. 2013) , analysis was restricted to these canopy species. At 6 and 16 mo post-drought, affected trees were assessed for resprouting. Tracking the fate of all individual tree stems was not possible beyond 16 mo due to vigorous resprouting (Fig. 3) .
Trees <1 cm DBH were considered regeneration and were measured at 16 mo following the disturbance within seven 1 m 2 subplots, including at plot centre and 2 m from the centre point at 60°
increments. All regeneration was categorized into one of five types based on descriptions of Abbott & Loneragan (1984) , seedling (new seedling with no lignotuber), lignotuberous seedling (older seedling with lignotuber), seedling coppice (resprout from seedling following mortality of primary shoot), ground coppice (shoot length up to 1.5 m following mortality of the antecedent shoots) and sapling (shoot length >1.5 m but DBH < 15 mm).
The above-ground biomass for each living E. marginata and C. calophylla stem was estimated using DBH measurements and previously published allometric equations (Hingston et al. 1981 ); E.
where DW is dry weight (kg) and DBH is diameter at breast height (cm). Results were then summed to provide plot-level estimates.
Statistical analysis
To determine the resistance and resilience to drought in severely and minimally affected forest, structural variables including stem density, log-transformed DBH, basal area, canopy height, and biomass were measured repeatedly. These data were analyzed in a mixed-model framework using Proc Mixed in SAS (Cary, NC, US) with an autoregressive covariance structure. The model included drought severity class (fixed factor), time since the disturbance (repeated factor) and their interaction, as well as site (random intercept). To determine the magnitude of structural change following drought and how this varies by drought severity class, the proportional changes from pre-drought conditions were used in a similar mixed model with repeated measures. Model residuals were visually examined for any departures or violations of assumptions. Tukey's multiple comparison tests were used to examine differences both within and between drought severity classes and time since disturbance. To test for differences in regeneration densities between drought severity classes, a mixed model without repeated measures was used, followed by Tukey's multiple comparison tests. To determine if changes in regeneration following the disturbance were proportional to the species composition prior to disturbance (evidence for long-term shifts in composition), the number of regenerating stems was divided by the original plot basal area for each species and tested using tree species as fixed factors in a mixed model, including only plots with more than two trees of each species. To examine short-term composition shifts in E. marginata and C. calophylla trees (>1 cm DBH), the proportional stem density (C. calophylla: E. marginata), basal area and biomass were calculated for the first (0 mo, predrought) and final (49 mo) sampling events. Using only plots with two or more stems of each species (n = 33), each variable was used in a mixed model analysis, including drought severity class, time since disturbance and site as factors. The variability explained by each mixed model (r 2 value) was determined (Nakagawa & Schielzeth 2013) . For resprouting among drought-killed stems and stems in each diameter class (each class analysed separately), not all assumptions for parametric models were fulfilled. Thus, differences between drought severity classes throughout the sampling period were analysed using the more conservative non-parametric Friedman rank test in the FREQ procedure in SAS. Non-parametric Kruskal-Wallis tests followed by Bonferroni post-hoc tests were also run on these variables to examine (1) differences between drought severity classes for each sampling period and (2) differences between each sampling period within each drought severity class.
Results
Forest structure
Following a significant decline during the dieback event, stem densities in severely affected forest responded strongly, exceeding pre-drought levels by 30% after 49 mo (Fig. 4) . Because there was no change in minimally affected forest a significant model interaction between drought severity class and time since disturbance was detected, including both stem density means (mixed ) and showed a 36.9% decline by 49 mo compared to no decline in minimally affected plots (biomass change trend closely resembled basal area).
The immediate effects of drought on stem diameter distributions in severely affected areas included the widespread and significant loss of 1-10 cm diameter stems as well as smaller, but consistent losses across all larger size classes (Fig. 5) . By 49 mo post-drought, nearly all size classes >1-10 cm had not recovered in severely affected areas, but the smallest stems (1-10 cm) had recovered and exceeded pre-drought densities due to vigorous resprouting. In contrast, minimally affected forest areas saw little change in the diameter distribution of stems following disturbance (Fig. 5b) .
Resprouting among stems experiencing crown dieback varied between the drought severity classes (Friedman test, Fr = 100.0, P < 0.001), with higher resprouting rates in severely affected forest (66% of drought-damaged stems compared to 15% in minimally affected; Kruskal Wallis, H = 97.5, P < 0.001). Additionally, resprout rates were higher at 16 (49%) compared to 6 mo (32%) post-drought (Kruskal Wallis, H = 8.6, P < 0.01) (resprouting rates were not measured at 26 or 49 mo).
Overstorey tree regeneration (E. marginata and C. calophylla combined) was also higher in severely affected plots (mixed model, 
Discussion
Over 4 yr of measurement following a historic climate change-type drought we found substantial evidence for low resistance (loss of canopy height, basal area) and resilience (failure to recover structure), and have provided evidence for an ecosystem state shift with regards to structure. While similar changes have resulted from climate change-type drought events in semi-arid (Breshears et al. 2005) , boreal (Michaelian et al. 2011 ) and tropical regions (Fauset et al. 2012) , this study represents the first example of significant structural shifts occurring in a resprouting mediterranean-type forest as a result of the combination of drought and heat (Allen et al. 2010) . Such rapid state shifts have not been observed previously in the NJF, and are rare in other mediterranean-type ecosystems (Galiano et al. 2010; Lloret et al. 2012) . Rather, demographic and structural shifts of this magnitude generally occur over several decades (McIntyre et al. 2015) .
While other mediterranean-type forests have resisted forest structural shifts in response to recent droughts (Lloret et al. 2004 (Lloret et al. , 2012 ; similar to minimally affected forest here), severely affected areas of the NJF resulted in structural reorganization (Fig. 6 ). Larger diameter stems that died during the drought were replaced with larger numbers of small (1-10 cm) stems, intensifying the typical reverse j-shaped diameter distribution curve historically present. Canopy dieback allowed for both resprouting among drought affected stems, as well as establishment of new regeneration (e.g. seedlings), presumably from a reduction in competition for soil moisture. In minimally affected plots, resprouting among drought affected stems and new recruitment was negligible. This is consistent with previous research in the NJF that has shown seedling mortality typically occurs from competition with overstorey trees for limited soil moisture (Stoneman et al. 1994) . Thus, soil moisture competition from large overstorey trees represents one of the primary factors regulating stem density in the NJF.
In severely affected forest, the loss of these regulators could signal a profound long-term shift towards higher stem densities of small trees, which has been observed elsewhere following canopy removal (Floret et al. 1992) . The death of large, old trees has recently been recognized as a growing problem in ecosystems worldwide (Lindenmayer et al. 2012) , since these trees serve irreplaceable ecological functions.
In addition to shifts in stem density and diameter distribution, changes in basal area, DBH and height have important consequences for stand structure and function. By exhibiting only a partial recovery prior to levelling off, severely affected plots may have reached an alternate state in the short term.
This state exists between the tall, open forests in the western NJF and the short woodlands found further east in lower rainfall conditions. Since stem exclusion in established, sapling-sized stems occur relatively slowly in the NJF (Abbott & Loneragan 1984) , severely affected plots are likely to remain in this state, characterized by high densities of small, short stems. While we found evidence of a state change, longer term trajectories are uncertain.
It is important to highlight that the structural changes outlined here likely reflect a more extreme version of past episodic drought events, including [2006] [2007] (Fig. 1) . Severely affected plots had higher densities of standing dead trees, higher stem densities and lower basal areas than minimally affected at the time of the 2010-2011 event , suggesting the influence of earlier droughts. While forest structure could transition to later successional states, including those dominated by large trees, in the absence of future disturbance, this research illustrates that repeated drought has prevented such stand development from occurring, maintaining an early successional forest structure and only partial regrowth (low resilience). Altered disturbance regimes, as those occurring in NJF, are expected with climate change in many areas and have been shown to cause long-lasting structural change elsewhere (Enright et al. 2014) .
Stand development in the NJF is conditioned by disturbance and does not occur uninterrupted. The forest is subject to frequent fire, annual summer drought and other disturbances. In particular, the fundamental changes revealed here are likely to interact with other events, especially fire, given its frequent nature (~10-20-yr frequency; Burrows et al. 1995) . The concentration of the canopy layer closer to the ground, together with coppiced, smaller stem sizes combine to increase the possibility of fire maintaining the dense woodland described here (Acacio et al. 2009 ), rather than allowing the progression to tall, open forest. These interacting factors, whereby one disturbance conditions the probability or intensity of the next (linked disturbance), as well as the recovery trajectory (compound disturbance) are gaining increasing attention as climate change alters the rates and intensity of disturbance (fire, drought, heatwave, etc.; Grower et al. 2015; Enright et al. 2014 ).
Forest biomass and canopy height have been shown to be sensitive to sudden (Laurance et al. 1997) and protracted drought events in forests around the world (Ogaya & Peñuelas 2007) . Pekin et al. (2009) found decreasing stand biomass and canopy height with increasing aridity across the jarrah forest. Results presented here support the observation that aridity is a major factor controlling forest canopy height and biomass in the NJF. Biomass losses from drought-induced disturbance can destabilize carbon storage capacity (Ma et al. 2012) , and even turn some ecosystems from carbon sinks to carbon sources (Lewis et al. 2011) . Accumulation of dead biomass created by the drought event may exacerbate wildfire incidence (increased continuity of fuels) and severity (higher fire intensities and lower leaf canopies; Ruthrof et al. 2015a) , resulting in additional tree mortality (Brando et al. 2014 ).
In conjunction with forest structural shifts, changes in forest composition often result from drought (Suarez & Kitzberger 2008) . Pekin et al. (2009) speculated that the abundance of C. calophylla may decrease in areas of high water stress (especially combined with increased fire frequency). Eucalyptus marginata and C. calophylla appear to employ different mechanisms for coping with drought, with C.
calophyllaclosing stomata earlier and maintaining a higher water status during drought conditions (Szota et al. 2011 ). While we have previously shown that the drought had a higher immediate impact on E. marginata, compared to C. calophylla (Ruthrof et al. 2015b ). Here, we found no direct evidence for longer-term changes in the proportional abundance of the two species over the measurement period, suggesting losses by both species were similar. As Pekin et al. (2009) proposed, overstorey composition in the longer term is likely to be driven by the combination of drought and fire disturbance, since E. marginata is highly tolerant to the frequent fires that occur in the NJF (Burrows et al. 1995; Burrows 2002) . Future work should investigate the interaction between drought and fire disturbance on the structure and composition of the forest.
Given the current climate trajectory and future projections (Alexander & Arblaster 2009 ), climate change-type drought events are likely to occur with higher frequency in many mediterranean climate regions (Suppiah et al. 2007 ). Unlike many other forest types, mediterranean climate-type forests are already undergoing shifts, including decreasing rainfall and increasing temperature (Carnicer et al. 2011) . Studying the resilience of forests to climate change-type drought in these regions can provide an early indication of the stability of forest ecosystems and improve predictions of where and how forest change will occur (Klausmeyer & Shaw 2009 ). For instance, ecosystem shifts are not likely to occur in a smooth continuous fashion (Barbeta et al. 2013) , rather severe climatic events (e.g. climate change-type drought) are likely to induce large changes, either directly (e.g. via mortality events; Michaelian et al. 2011) or indirectly by inducing or intensifying other processes (e.g. fire, disease, pests, etc.). The pattern of collapse and partial regrowth observed here suggests a step-wise pattern of ecosystem response to drought in NJF, including potentially multiple alternate states. The dominant tree species in the NJF, however, are likely to remain dominant as a result of their resprouting habit.
These findings are ultimately supportive of a recent study that applies hydraulic theory to predict that shorter, resprouting trees will be favoured under a warmer and drier climate (McDowell & Allen 2015) . The lack of structural resistance and resilience observed in this study suggests large areas of the NJF are poised to transform from a characteristically tall, open forest to short, closed woodlands with continued climate change.
